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Abstract 
Purpose: In order to measure spatial resolution of a PET tomograph in clinical conditions, this study describes and 
validates a method based on the recovery coefficient, a factor required to compensate underestimation in measured 
radioactivity concentration for small structures. 
Methods: In a PET image, the recovery factors of radioactive spheres were measured and their comparison with 
simulated recovery coefficients yielded the tomographic spatial resolution. Following this methodology, resolution was 
determined in different surrounding media and several conditions for reconstruction, including clinical conditions for brain 
PET studies. All spatial resolution values were compared with those obtained using classical methods with point and 
line sources.  
Results: In each considered condition, spatial resolution of the PET image estimated using the recovery coefficient 
showed good agreement with classical methods measurements, validating the procedure.  
Conclusion: Measurement of the recovery coefficient provides an assessment of tomographic spatial resolution, 
particularly in clinical studies conditions. 
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1. Introduction 
Image formation on positron emission tomography (PET), as well as on any other linear imaging system, is 
completely described by its point spread function (PSF), generally dependent on spatial coordinates [1]. Under the 
assumption of spatial invarianc e, one PSF is defined for the complete field of view and the final image can be modelled 
as the real radioactivity distribution convolved by the PSF of the equipment. 
The PSF determines spatial resolution of the imaging system, that is, its ability to distinguish between two objects in 
the formed image. The characterisation of spatial resolution consists in measuring the width of the point spread 
function, which is defined as its full width at half maximum (FWHM).  Usually, it is obtained by imaging an object much 
smaller than the expected resolution and measuring its width in the final image.  
The convolution with the PSF, as the PET image formation process, produces some smoothing that can result in an 
underestimation of the real radioactivity concentration, in addition to an overestimation of the object size. Thus, spatial 
resolution imposes a limitation not only for visual detection of small objects, but also for their accurate quantification [2]. 
This phenomenon is specially relevant in brain PET studies, because many brain structures are small and irregular [3]. 
To compensate for the decrease in measured radioactivity, a recovery coefficient (RC) is defined as the ratio between 
the observed concentration in the final image and the real radioactivity concentration [4]. Although the recovery 
coefficient concept has been extensively addressed in the literature [5], and its direct relation with spatial resolution has  
been previously described [6, 7], this relation has not been previously used for the estimation through mathematical 
adjustment of the resolution on image. 
The objective of this study is to determine the effective tomographic spatial resolution for brain PET studies, through 
its influence on the underestimation of radioactivity concentration, measuring the recovery coefficients.  
 
2. Methods 
2.1 PET Tomograph 
PET studies were performed using an ECAT EXACT HR+ tomograph (CTI/Siemens, Knoxville, Tennessee, USA). The 
system is composed of 4 rings with 72 detector modules, each with an 8 x 8 array of 4.39 mm x 4.05 mm x 30 mm 
bismuth germanate (BGO) crystals and coupled to four photomultiplier tubes [8]. Detectors are arranged as 32 crystal 
rings with inside diameter of 82.7 cm that generate 63 transaxial planes, covering an axial field of view of 15.5 cm. This 
tomograph uses three 68Ge rotating rod sources for transmission scan acquisition. 
 
 
All PET images presented in the following were acquired and reconstructed on a Sun Microsystems workstation with 
the ECAT v.7.1 software (CTI/Siemens, Knoxville, Tennessee, USA). Emission sinograms were acquired in 3D mode 
and corrected for random events. Reconstruction was performed using filtered backprojection including scatter 
correction, using brain mode and a zoom factor of 2.5. Three different sets of reconstruction parameters were used, 
defined by type and width of smoothing filter (FWHM) and matrix size. Specifically, used parameters were: (Hanning, 
4.9 mm, 128 x 128), (Hanning, 4.9 mm, 512 x 512) and (Ramp, 2.0 mm, 512 x 512). First group of parameters 
corresponds to those used for clinical brain PET studies in our institution. When necessary, a 2D mode transmission 
scan was performed for attenuation correction after emission scan. Transmission image was segmented prior to the 
generation of the attenuation map by forward projection. This segmentation removes statistical errors in attenuation 
correction allowing the use of short transmission acquisition. 
 
2.2 Evaluation of spatial resolution through the recovery coefficients 
Spatial resolution was assessed evaluating its effect on the underestimation of radioactivity concentration for 
spherical objects. The method consisted of measuring the experimental RC in a PET image of radioactive spheres, 
simulating theoretical RC produced for several FWHM, and finding the resolution value that yielded the best fit between 
theoretical and experimental values.  
The experiment was performed using a cylindrical Jaszczak phantom (Data Spectrum Corporation, Chapel Hill, North 
Carolina, USA) of 21.6 cm in diameter and 18.6 cm in height, containing six hollow spheres inserted at a radial position 
r = 57 mm, with diameters ranging from 7.9 mm to 24.8 mm.  
 
Simulated recovery coefficients 
Recovery coefficients can be estimated theoretically for specific geometric conditions by mathematical modelling. In 
this case, a phantom containing 6 spherical objects, with the same diameters as the spheres of the Jaszczak phantom, 
was simulated with a Matlab algorithm (Matlab 7.1, Mathworks Inc., Natick, Massachusetts, USA). These spheres were 
convolved with a 3-dimensional isotropic gaussian PSF, using different values of FWHM. Theoretical RC for each sphere 
was estimated as ratio between the maximum value after convolution and the initial value. Thus, a curve was obtained 
for each FWHM, representing the RC as a function of sphere diameter. 
 
 
 
Experimental recovery coefficients 
The six spheres were filled with a homogenized 18F-FDG solution of 49.8 kBq/cm3 at scanning time, that represents 
approximately the concentration of the higher uptake regions in brain tissue. The Jaszczak phantom with the radioactive 
spheres was scanned centered in the field of view. Several acquisitions were performed shifting axial position along 6 
mm with 1 mm steps in order to account for different positions relative to tomographic rings. The protocol consisted in a 
20 minutes 3D mode emission scan and a 5 minutes 2D mode transmission scan for attenuation correction. Different 
sets of reconstruction parameters were used. Afterwards, the experiment was repeated using the cylindrical phantom 
filled with non radioactive water, to account for the broadening of the point spread function associated with Compton 
scattering (spheres concentration: 51.9 kBq/cm3). 
For each sphere, the RC was estimated as the ratio of the maximum concentration measured in PET image and the 
real concentration. Average and standard deviation of recovery coefficient across considered axial positions was 
calculated. To avoid any bias due to attenuation and scattering corrections, values were normalised to the recovery 
coefficient of the greatest sphere, where no underestimation is expected. 
 
Adjustment between theoretical and experimental recovery coefficients 
The effective resolution was subsequently estimated as the FWHM value used in the theoretical model that best fitted 
the experimental values. Goodness of fit between theoretical curves and experimental values was assessed with a 
Pearson’s chi-square test, which consisted in estimating the chi-square parameter and finding its minimum value.  
This method was repeated to estimate spatial resolution in each considered axial position. System resolution for a 
given surrounding medium and reconstruction protocol was defined as the average value between resolution values 
obtained for all axial positions. 
 
2.3 Classical spatial resolution measurement methods 
Measurement of resolution with a point source 
A 1.7 MBq 22Na point source (model GF-0227, Isotope Product Laboratories, Valencia, CA, USA) with a 0.5 mm 
diameter, embedded in a plastic disk measuring 25 mm in diameter and 5 mm in height, was used to measure 
resolution. The point source was centred in the axial direction supported in the air by a plastic ruler at the position x = 0 
mm, y = -57 mm. The source was moved in the axial direction with 1 mm steps along 15 mm. Acquisition time of 
 
 
emission scan was 1 minute at each location. The sinogram was reconstructed without attenuation correction and using 
previously mentioned sets of reconstruction parameters.  
Point source was also measured surrounded by water, using the Jaszczak phantom. Taking into account results in 
the previous experiment, in which variation of spatial resolution with source position was periodic, point source was 
shifted in 1 mm steps only along 6 mm. Acquisition time was 5 minutes for each emission scan and 5 minutes for each 
transmission scan. Reconstruction was performed with attenuation correction and using the same sets of parameters.  
FWHM in radial, tangential, and axial directions were evaluated according to National Electrical Manufacturers 
Association (NEMA) standards [9]. Thus, radioactivity profile width was measured in resulting images, after linear 
interpolation between voxels value. Measurements were not corrected for source dimensions or positron range. 
 
Measurement of resolution with a line source 
A PET study of a 9.2 MBq 68Ge line source encased in a sealed stainless steel rod (model LS-HR+, Isotope Product 
Laboratories, Valencia, CA , USA) was performed. The source was 183 mm length and had an inside diameter of 1.52 
mm. The source was positioned parallel to the axial axis of the tomograph, at coordinates x = 0, y = -57 mm. The 
source was imaged both suspended in air and surrounded by water, using the Jaszczak phantom previously mentioned. 
Acquisition time for emission scan was 5 minutes. Reconstruction was performed using the three sets of parameters. 
When the phantom was filled with water, a 5 minutes transmission scan was also performed and attenuation correction 
was included. 
Resolution was estimated perpendicularly to the line source position, that is radially and tangentially, as the width of 
the profiles extracted from the reconstructed 3D image, following NEMA standards [10]. Resolution values obtained for 
the 28 central planes were averaged to get the mean image resolution. Measurements were not corrected for source 
dimensions or positron range. 
 
2.4 Application of RC method to other clinical protocols. 
Once the methodology has been validated for a specific case (our brain protocol in the HR+ tomograph), it can be used 
to estimate effective resolution in any clinical protocol of interest. As an example, the recovery coefficient was used for 
estimation of resolution in the whole body protocols in our PET facility: a) acquisition in a Siemens HR+ tomograph with 
iterative reconstruction (2 iterations, 8 subsets) using a gaussian filter (FWHM=6 mm), a matrix size of 128x128 and a 
 
 
zoom factor of 1; and b) acquisition in a Siemens Biograph 2 PET/CT tomograph with iterative reconstruction (2 
iterations, 8 subsets) using a gaussian filter (FWHM=5 mm), a matrix size of 128x128 and a zoom factor of 1.  
 
3. Results 
3.1 Measurement of spatial resolution through the recovery coefficients 
Although all spheres were filled with the same radioactive solution, the maximum measured radioactivity 
concentration decreased as sphere size decreased. Table 1 shows the RC for each sphere and for each considered 
condition of acquisition and reconstruction. With regard to reconstruction parameters, radioactivity concentration, and 
consequently recovery coefficients, increased with the matrix size and the use of a ramp filter.  
Curves representing simulated recovery coefficients as a function of object size were calculated for different FWHM 
values. Some of these curves are represented in Fig. 1. These theoretical curves show that the minimum size of 
spheres that can be measured without underestimation, admitting errors of less than 2 %, is 2.7 times the FWHM, as 
has been shown by others [2].  
The minimisation of the chi-square parameter for each acquisition and reconstruction condition is graphically shown in 
Fig. 2. The minimum chi-square yielded the spatial resolution that produces the best adjustment between theoretical 
and experimental data (Table 1). In the case of clinical conditions for brain studies (acquisition in water and 
reconstruction with first group of parameters), best fit was produced for a FWHM of 7.3 ± 0.1 mm (Fig.2).  
 
3.2 Classical spatial resolution measurement methods 
Measurement of resolution with a point source 
For each acquisition condition and each group of reconstruction parameters, resolution values were measured in 
different axial positions to calculate mean value in the sampled axial field of view (Table 2). The average of axial, radial 
and tangential values is also shown, providing a measure of the effective 3-dimensional resolution. The best spatial 
resolution value, obtained for the source suspended in air, and reconstructed with the finest matrix size (512 x 512) and 
the sharpest filter (Ramp filter), was 4.76 ± 0.15 mm. However, in conditions of clinical brain studies, that is, source 
surrounded by water and image reconstructed with matrix size of 128 x 128 and a Hanning filter, resolution degrades to 
7.27 ± 0.02 mm, corresponding to the worst value. 
 
 
Variation of spatial resolution with axial position was examined when point source was acquired in air (Fig. 3 shows 
this variation for the brain reconstruction parameters). The transverse components were unvarying with source position, 
contrary to axial resolution, which changed significantly showing an opposite variation with maximum voxel value 
measured in reconstructed image (Fig. 3). This variation was periodic with a local maximum resolution value appearing 
approximately each two 1 mm shifts (voxel size is 2.45 mm). In the coronal view, this difference in measured FWHM 
can be noticed directly on image, as a variation in observed object size (Fig. 4).  
 
Measurement of resolution with a line source 
Spatial resolution values represented in Table 3 were obtained using the 68Ge line source in different conditions of 
acquisition and reconstruction. Spatial resolution at r = 57 mm in conditions equivalent to those of brain studies was 
7.67 ± 0.25 mm. Best spatial resolution value was 5.08 ± 0.05 mm (5.17 ± 0.02 mm in radial direction and 4.99 ± 0.03 
mm in tangential direction). This value was obtained when the source was acquired in air and the image reconstructed 
with maximum matrix size and the sharpest filter. 
 
3.3 Application of RC method to other clinical protocols. 
The developed methodology for spatial resolution measurement was repeated for the other acquisition protocols. The 
adjustment of the theoretical and experimental RC values yielded resolution values of 7.7 mm and 9.3 mm for the whole 
body protocols in the Siemens HR+ and  in the Siemens Biograph 2 PET/CT  respectively. 
 
4. Discussion 
Different experiments were carried out to determine tomographic resolution. First, resolution was estimated through 
the recovery coefficients of spherical objects. In order to validate obtained results, resolution was measured classically 
as the width of radioactivity distribution profile obtained from a point source and a line source. In addition, these values 
were similar to previous published data [8]. 
Our interest in assessing spatial resolution from the recovery coefficients resides in the fact that it is a direct 
measurement of the degradation produced by the limited spatial resolution on the final PET image, especially in clinical 
conditions.  
 
 
Estimations of tomographic FWHM have been widely used for recovery coefficients calculation [11]. We propose the 
inverse process, that is, the evaluated recovery coefficients can provide the effective spatial resolution on final image.   
 
4.1 Advantages of spatial resolution measurement  through the RC 
Classical methods for spatial resolution measurement consist in measuring the width of the radioactivity distribution 
profile of a point or line source on final image. According to NEMA standards [12], intended for the characterisation of 
PET scanners, for an accurate estimation of spatial resolution from profiles of reconstructed data, voxel dimensions 
should be one-tenth the expected FWHM, allowing the interpolation of at least ten points. This condition is not satisfied 
for resolution measurement with point and line sources using clinical reconstruction protocols. In the axial direction, 
sampling is limited by the number of detector rings and for the Siemens HR+ tomograph axial sampling is 2.425 mm. 
Given that estimated FWHM is in a range from 5 to 8 mm, axial spatial resolution must be estimated by interpolation of 
2 or 3 points, which does not satisfy the NEMA requirement. Besides, a transverse matrix size of 128 x 128 and a 
zoom factor of 2.5, used in clinical brain PET studies in our institution, correspond to a pixel size of 2.056 mm x 2.056 
mm, with which the spatial resolution is estimated from 3 or 4 points. The case is even worse for the whole body 
protocol, where a matrix size of 128 x 128 and a zoom factor of 1 yield a voxel size of 5.148 mm x 5.148 mm. Then, in 
clinical conditions sampling in the transverse directions neither is enough for resolution estimation with standard 
procedures [12]. 
Therefore, spatial resolution measurement for a specific clinical protocol using either a point or line source would 
require changing the standard matrix for a finest one, in order to have enough sampling for data interpolation. However, 
the resolution value with this fine sampling would not exactly correspond to the observed with the real coarse sampling 
in clinical conditions. 
However, the assessment of spatial resolution from the recovery coefficients does not require any data interpolation 
and consequently it can be applied for any voxel size, including clinical conditions .  
In this study, the objective was to validate the RC model for spatial resolution measurement and validation was 
performed in a specific case (custom brain PET protocol in the HR+ tomograph). Once this methodology has been 
validated, it can be applied to any other acquisition protocol (other tomographs, different radionuclides, 2D or 3D 
acquisition...). In order to show the applicability of the RC method, it was applied to other two situations (whole body in 
the HR+ PET tomograph and whole body in the Biograph 2 PET/CT tomograph). 
 
 
 
4.2 Acquisition and reconstruction conditions  
Acquisition was done in two conditions, with the sources surrounded by air and by water. In PET studies, brain tissue 
itself produces attenuation and scattering of annihilation photons, so the experiment with water reproduces better the 
brain acquisition conditions.  The attenuation and scattering effect of the surrounding media may degrade spatial 
resolution value. This degradation is observed in a minor difference between FWHM measured in air and water with the 
point and line sources. However, this effect is not noticed in the spheres where spatial resolution seems to be slightly 
better. The fact is related to an error in attenuation correction for spheres in air. In this case, the segmentation of the 
transmission image to obtain the attenuation map assigned a wrong attenuation coefficient to air inside the Jaszczak 
phantom (approximately 0.01 cm-1). Although spheres uptake values had been normalized to eliminate the possible bias 
due to this type of errors, it have not been effective enough to remove the bias in the resolution estimation.  
Different reconstruction parameters were used because spatial resolution of reconstructed image depends, not only 
on physical and geometrical factors for a particular system design (FWHMsystem), but also on the method and parameters 
used for reconstruction. In fact, a reasonable accurate estimate of final spatial resolution has been reported to be: 
systemtionreconstruc FWHMKFWHM ×=  
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For this reason, different reconstruction parameters were used, including those proposed by NEMA for evaluation of 
resolution, that is a ramp filter with cut-off at Nyquist frequency [9], and a fine matrix size. Trying to simulate brain 
studies conditions, custom brain reconstruction parameters in clinical practice were used (128 x 128 matrix size and 
Hanning filter with FWHM = 4.9 mm). Reconstruction with an intermediate condition explains the influence of each 
modified parameter.  
In all experiments, resolution becomes better as the sampling increases and the smoothing decreases. The width 
and type of filter have been shown to be the most critical factors.  
 
 
 
4.3 Radioisotopes  
For the measurement of spatial resolution by means of the recovery coefficients, spheres were filled with 18F, which is 
the most frequently used radioisotope in PET for clinical studies. 
However, for the measurement of resolution with point and line sources, other radioisotopes were used, as has been 
done by others [14]. The reason is that embedded sources with long half-life radioisotopes, suitable for scanner 
characterisation and control purposes, are commercially available.  
The point source was a 22Na source, which has a similar positron emission energy (Eavg = 0.216 MeV) to 
18F (Eavg = 
0.250 MeV) and, thus, similar positron range [15].  
A line source of 68Ge was used, with positron emission energy of 0.836 MeV [15], considerably higher than that of 
22Na. Therefore, positron range resolution degradation is higher and spatial resolution values obtained with the line 
source were, in general, higher than those obtained with the point source.  
 
4.4 Invariance of the PSF  
PET tomographs are linear systems, but not spatially invariant, that is, the characteristics of the PSF depend on the 
spatial position. However, measurements were carried out at a specific radial position. Due to the fact that the Jaszczak  
phantom allows to place six spheres at r = 57 mm, this radial position was selected for the measurements. Besides, 
this is an intermediate position between the tomograph axis and the radius of a human head. Then, estimated resolution 
would be representative for the considered field of view in brain PET studies.  
Variance of PSF through the axial direction was considered. In fact, this variation has been evaluated using the point 
source. The relationship between resolution and maximum voxel value showed that their variation depends on the 
position of the source in relation to the tomographic planes. Therefore, minimum FWHM was measured when the 
source was centred in an axial plane and maximum when it was positioned between two consecutive planes (Fig. 2). 
Due to this axial variation, spatial resolution was measured in several axial positions, considering the average of all 
measurements as the effective resolution. Thus, the behaviour of the system was actually characterised by one PSF 
and one resolution value. 
 
4.5 Isotropic PSF 
Using the point and line sources, the anisotropic characteristic of the tomographic resolution is observed (Tables 2, 
 
 
3). However, for the estimation of spatial resolution via the recovery coefficients, an isotropic gaussian PSF was 
assumed in the theoretical model, as has been done in other works for the evaluation of the recovery coefficients [16]. In 
fact, due to the spherical symmetry of the modeling used in this work, if sx,  sy and sz of the Gaussian PSF were treated 
as different unknown factors, there would be several solutions for the problem. 
Besides, underestimation in measured radioactivity is due to the combination of the three directional spatial resolution 
values, and the estimated isotropic FWHM represents an effective value with regard to the influence in the recovery 
coefficient.  
 
5. Conclusions 
Spatial resolution has been evaluated using different radioactive sources and different conditions. Reconstruction 
parameters have been shown to have a great influence in final resolution, the type and width of smoothing filter being the 
most critical parameters. 
The method for spatial resolution measurement based on the recovery coefficient has been validated by comparison 
with classical methods. Line and point sources gave appropriate values for spatial resolution by measuring radioactive 
profile width when there was enough sampling, which is the case at PET scanner performance characterisation. When 
resolution must be measured in clinical conditions, recovery coefficients produced more representative values of 
resolution without mentioned limitation for sampling.  
The obtained spatial resolution for the EXACT ECAT HR+ PET tomograph working in our clinical conditions for brain 
studies (matrix size of 128 x 128, a zoom factor of 2.5 and a Hanning filter with FWHM = 4.9 mm) was 7.3 mm. In fact, 
this method can be used for spatial resolution measurement in any reconstruction conditions. 
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Figure legends 
 
Fig. 1. Theoretical recovery coefficients for several FWHM and experimental values for brain PET conditions (Hanning 
filter, FWHM 4.9 mm, matrix 128 x 128). 
 
Fig. 2. Minimization of chi-square parameter for the assessment of the spatial resolution. 
 
Fig. 3. Spatial resolution and maximum voxel value on image, measured with the point source surrounded by air and 
positioned at different axial positions (clinical brain reconstruction parameters).  
 
 
 
Fig. 4. Coronal view of PET image of point source in two different axial positions: (a) source centred in the plane; (b) 
source between two consecutive planes. 
(a) (b) 
 
 
Table 1 
Experimental recovery coefficients for spherical objects with different diameters (Æ ) and resulting spatial resolution by comparison with 
theoretical values  
Medium Matrix size Filter type 
Recovery coefficient 
FWHM (mm) 
Æ=24.8 mm Æ=19.8 mm Æ=15.4 mm Æ=12.4 mm Æ=9.9 mm Æ=7.9 mm 
Air 
128 x 128 Hanning 1.00 ± 0.11 0.93 ± 0.11 0.81 ± 0.10 0.71 ± 0.09 0.51 ± 0.05 0.30 ± 0.03 7.7 ± 0.1 
512 x 512 Hanning 1.00 ± 0.11 0.93 ± 0.11 0.83 ± 0.11 0.75 ± 0.09 0.56 ± 0.05 0.35 ± 0.03 7.2 ± 0.1 
512 x 512 Ramp 1.00 ± 0.10 0.92 ± 0.10 0.83 ± 0.10 0.78 ± 0.10 0.66 ± 0.06 0.49 ± 0.04 6.4 ± 0.1 
Water 
128 x 128 Hanning 1.00 ± 0.02 0.96 ± 0.02 0.86 ± 0.01 0.74 ± 0.01 0.53 ± 0.01 0.33 ± 0.01 7.3 ± 0.1 
512 x 512 Hanning 1.00 ± 0.02 0.96 ± 0.02 0.88 ± 0.01 0.78 ± 0.01 0.59 ± 0.01 0.38 ± 0.01 6.9 ± 0.1 
512 x 512 Ramp 1.00 ± 0.07 0.96 ± 0.07 0.86 ± 0.04 0.80 ± 0.05 0.68 ± 0.05 0.51 ± 0.04 6.1 ± 0.2 
 
Table 2 
Spatial resolution obtained with a point source imaged surrounded by air and water and reconstructed with dif ferent parameters 
Medium Matrix size Filter type 
FWHM (mm) 
Tangential Radial Axial Average 
Air 
128 x 128 Hanning 7.09 ±  0.02 7.18 ± 0.03 6.91 ± 0.09 7.06 ± 0.04 
512 x 512 Hanning 6.36 ±  0.02 6.57 ± 0.03 6.89 ± 0.10 6.61 ± 0.04 
512 x 512 Ramp 4.63 ± 0.03 4.56 ± 0.06 5.08 ± 0.40 4.76 ± 0.15 
Water 
128 x 128 Hanning  7.57 ± 0.05   7.44 ± 0.05   6.80 ± 0.04   7.27 ± 0.02  
512 x 512 Hanning  6.48 ± 0.02   6.44 ± 0.02   6.83 ± 0.04   6.59 ± 0.02  
512 x 512 Ramp  4.63 ± 0.02   4.67 ± 0.04  4.92 ± 0.23  4.74 ± 0.09  
 
Table 3 
Spatial resolution obtained with a line source imaged surrounded by air and water and reconstructed with different parameters 
Medium Matrix size Filter type 
FWHM (mm) 
Tangential Radial Average 
Air 
128 x 128 Hanning 7.69 ± 0.05 7.36 ± 0.02 7.52 ± 0.07 
512 x 512 Hanning 6.85 ± 0.01 6.78 ± 0.02 6.81 ± 0.03 
512 x 512 Ramp 5.17 ± 0.02 4.99 ± 0.03 5.08 ± 0.05 
Water 
128 x 128 Hanning 7.72 ± 0.13 7.63 ± 0.12 7.67 ± 0.25 
512 x 512 Hanning 6.87 ± 0.02 6.79 ± 0.03 6.83 ± 0.05 
512 x 512 Ramp 5.10 ± 0.06 5.07 ± 0.07 5.08 ± 0.13 
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FIGURE 3  
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FIGURE 4 
 
 
 
 
 
 
